A central challenge in biology is to understand how innate behaviors evolve between closely related species. One way to elucidate how differences arise is to compare the development of behavior in species with distinct adult traits [1] . Here, we report that Peromyscus polionotus is strikingly precocious with regard to burrowing behavior, but not other behaviors, compared to its sister species P. maniculatus. In P. polionotus, burrows were excavated as early as 17 days of age, whereas P. maniculatus did not build burrows until 10 days later. Moreover, the wellknown differences in burrow architecture between adults of these species-P. polionotus adults excavate long burrows with an escape tunnel, whereas P. maniculatus dig short, single-tunnel burrows [2-4]-were intact in juvenile burrowers. To test whether this juvenile behavior is influenced by early-life environment, we reciprocally crossfostered pups of both species. Fostering did not alter the characteristic burrowing behavior of either species, suggesting that these differences are genetic.
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In Brief
Metz et al. find that oldfield mice, a species that digs long, complex burrows, also digs burrows earlier than its sister species. In hybrids, an allele linked to adult tunnel length also affects the timing of first burrow construction, suggesting that this genetic region influences different aspects of the same behavior across life stages.
RESULTS

P. polionotus Construct Burrows Earlier in Life than P. maniculatus
To examine the developmental onset of burrow construction in Peromyscus mice, we assayed burrowing behavior in juveniles starting at 17 days of age (these mice are typically weaned at postnatal day 24 [P24] ). We found striking interspecific differences in both the timing and progression of burrow construction ( Figure 1 ; Table S1 ). Notably, P. polionotus were precocious diggers, constructing complete burrows-defined as excavations with at least two components, an entrance tunnel and a nest chamber-on average 10 days earlier than P. maniculatus. The first appearance of a complete burrow was at P17 in P. polionotus (1 of 5 mice; Figure 1B ), but not until P27 in P. maniculatus (3 of 14 mice; Figure 1B ), a considerable difference in developmental stage (see Figure S1 for timeline of development). Moreover, P. polionotus burrowed at adult-like frequencies from P19 onward, a developmental benchmark P. maniculatus did not reach until P27 ( Figure 1B ; Table S1 ).
Whereas tunnel length increased with age in both species, reflecting a progression in burrowing ability with growth and development ( Figure 1C ; analysis of covariance [ANCOVA], p < 0.0001), tunnel length varied considerably between species. P. polionotus consistently produced significantly longer burrows than P. maniculatus ( Figure 1C ; ANCOVA, p < 0.0001; Cohen's d = 1.79), consistent with the known differences in adult tunnel length [2] [3] [4] . Furthermore, the rate of increase in tunnel length across ontogeny was significantly greater for P. polionotus (Figure 1C ; ANCOVA, age 3 species interaction, p = 0.023). Thus, both the expression of adult-like burrowing frequency and an increase in excavation length develops more rapidly in P. polionotus than in P. maniculatus.
In trials in which mice did not construct full burrows, individuals of both species usually excavated shallow cup-shaped cavities (divots) instead. Only three of 97 mice (two P17 P. polionotus and one P27 P. maniculatus) failed to leave any signs of digging activity. These data suggest that the motor patterns for digging were partly, if not completely, developed in both species by at least P17.
Juveniles Construct Burrows with Miniaturized Adult Architecture
Juveniles from both species produced burrows with architecture typical of adults of their respective species. P. polionotus constructed escape tunnels as early as P19, and by P21, their burrows included escape tunnels (4 of 7 mice) as frequently as conspecific adults (6 of 9 mice) ( Figure 1D ; Fisher's exact test, one-tailed, p = 0.549). Likewise, P. maniculatus juvenile burrows invariably featured only a single tunnel leading to the nest chamber, always lacking an escape tunnel ( Figure 1D ). Although complete with regard to architectural components, juvenile excavations were significantly shorter than those of adults (Figure 1C ; t tests, p < 0.0001 for both species; P. maniculatus Cohen's d = 1.12; P. polionotus Cohen's d = 2.01), thus representing miniature versions of adult burrows.
Precociousness Is Specific to Burrowing Behavior
To evaluate whether precocious burrow construction in P. polionotus might be due to advantages in physical rather than behavioral development (e.g., [5] ), we examined general measures of morphological and motor development in both species. Two lines of evidence refute this hypothesis. First, P. polionotus did not perform better in a second motor activity task: P. polionotus juveniles traveled less distance in a 90-min wheel-running assay than P. maniculatus. Although total distance run increased with age at a comparable rate in both species ( Figure 1E ; age 3 species interaction term, p = 0.599), P. maniculatus ran significantly greater distances than agematched P. polionotus (ANCOVA, p < 0.001). Second, P. polionotus are smaller than P. maniculatus in both body mass (ANCOVA, p < 0.0001) and hindfoot length (ANCOVA, p < 0.0001) across development ( Figure S1 ). Likewise, we did not observe heterochrony favoring P. polionotus with respect to additional developmental milestones, as P. maniculatus reached them earlier in life ( Figure S1 ). Thus, precocious burrowing in P. polionotus juveniles reflects a behavioral difference, most likely specific to burrowing, not an advantage in overall activity level, motor ability, or morphological development.
Species-Specific Burrowing Behavior Unaltered by Interspecific Cross-fostering
To disentangle the effects of genetics from environment, we reciprocally cross-fostered pups between the two sister species (Figure 2A ). We reasoned that any effects on burrowing behavior resulting from parental environment were likely to be greatest during post-natal development. All P. maniculatus (yellow) and P. polionotus (blue) were naive and were tested only once. (A) The ancestral burrow architecture, built by P. maniculatus, is short (<15 cm) and simple. In contrast, adult P. polionotus dig stereotyped burrows with a long entrance tunnel, nest chamber, and escape tunnel (total excavation length 50 cm).
(B) Proportion of tested mice constructing a complete burrow (i.e., entrance tunnel and nest chamber). Curves and shaded areas represent binary generalized linear smoothers with 95% confidence intervals. Species differences were evaluated by Fisher's exact test (juveniles: see main text for details; adults: P. maniculatus, n = 17, and P. polionotus, n = 9). (C) Length of total excavation. Juvenile differences evaluated by ANCOVA (see main text for details). Adult differences between species were evaluated by t test (P. maniculatus, n = 17; P. polionotus, n = 9). Error bars indicate ±1 SEM.
(D) Proportion of tested mice constructing an escape tunnel. Statistical tests are as in (B). (E) Distance run on a wheel during a 90-min trial by P. maniculatus and P. polionotus juveniles (P17-P31; see main text for details) and adults (>P60; P. maniculatus, n = 10; P. polionotus, n = 10). Statistical tests are as in (C). (F) Cartoon depiction of data shown in (B)-(D) highlighting the variation in burrow shape over development. Significance levels are indicated as follows: ns (not significant), p R 0.05; *p % 0.05; **p % 0.01; ***p % 0.001. See also Figure S1 and Table S1 .
In P. maniculatus, the developmental onset of burrow building did not differ between cross-fostered and non-fostered animals. Prior to P27, P. maniculatus juveniles did not build complete burrows regardless of foster treatment ( Figure 2B ). After the onset of burrowing, fostered animals constructed burrows no more frequently (4 of 14 mice) than pups reared by their biological Likewise, P. polionotus raised by heterospecific parents began burrowing at the earliest age tested (P19; Figure 2E ), and from P21 onward, nearly all cross-fostered P. polionotus excavated burrows (12 of 14 mice; Figure 2E ). Burrow structure also did not change with cross-fostering treatment. Crossfostered P. polionotus dug escape tunnels as early in ontogeny (from P19), and as frequently (50%, 8 of 16 mice), as nonfostered juveniles (41%, 22 of 53 mice; Figure 2F , Fisher's exact test, one-tailed, p = 0.813) and conspecific adults (67%, 6 of 9 mice; Fisher's exact test, one-tailed, p = 0.352). Finally, excavation lengths did not differ between cross-fostered and nonfostered animals ( Figure 2G ; ANCOVA, p = 0.075; Cohen's d = 0.53), and, if anything, the trend is in the opposite direction of expectation if a P. maniculatus parental environment influences the burrowing behavior of offspring. In summary, we found no differences in burrowing behavior after cross-fostering, consistent with there being a strong genetic component to the development of burrowing behavior.
Ontogeny of Burrow Construction Is P. polionotusDominant We next tested the hypothesis that differences in the developmental onset of burrowing in juveniles share a common genetic basis with the well-characterized differences in adult burrow architecture [2-4] using a P. polionotus 3 P. maniculatus experimental cross ( Figure 3A ).
The development of burrowing behavior in first-generation (F 1 ) hybrids closely matches that in P. polionotus in each parameter examined, including the proportion of mice constructing burrows ( Figure 3B Figure 3C ; ANCOVA, p < 0.0001; Cohen's d = 2.50). This inheritance pattern indicates that the genetic underpinnings of precocious burrowing, a developmental trait, are P. polionotus dominant, consistent with the pattern of inheritance observed for adult burrowing behavior (F 1 hybrid adults build P. polionotus-like burrows with regard to both length and shape [2, 4] ).
A P. polionotus Allele Affects Both Juvenile Onset and Adult Expression of Burrowing Behavior
To test whether developmental traits (namely, precocious burrow construction) and adult traits (long entrance tunnels and presence of an escape tunnel) are genetically linked, we generated 60 backcross (BC) hybrids. If traits have an independent genetic basis, they are expected to become uncoupled in this recombinant BC generation. We assessed burrowing performance for each BC hybrid at four time points: two juvenile (P21 and P24) and two adult (P61 and P64) trials ( Figure 3D ). We targeted the P21 and P24 time points because P. polionotus reached adult-like burrowing frequencies at this stage, but P. maniculatus did not ( Figure 1B) . Half of the BC hybrids (31 of 60) dug at least one juvenile burrow (at the P21 or P24 time point) and thus were scored as precocious burrowers, whereas the remaining half (29 of 60) completed no juvenile burrows and were scored as delayed burrowers. This segregation pattern is consistent with a single-locus effect, but the sample size is notably small.
To investigate the relationship between age at onset of burrowing and juvenile and adult excavation length, we ran a linear mixed-effect model with repeated-measures. Precociousness was a significant predictor of excavation length at both juvenile and adult stages ( Figure 3E ; p < 0.0001). We found that developmental onset of burrowing and adult excavation length cosegregated in recombinant BC hybrids ( Figure 3F ; p = 0.006), with precocious animals digging, on average, adult excavations that were 6.7 cm longer than those of delayed burrowers (Figure 3F ). These data indicate that age at onset of burrowing (a developmental trait) and tunnel length variation (in adults) share a pleiotropic genetic basis, are influenced by linked genes, or both.
To test whether regions of the genome that are associated with adult burrowing behavior also influence onset of burrowing in juveniles, we genotyped BC mice at four unlinked single nucleotide polymorphisms (SNPs) previously associated with differences in adult burrow structure [4] . We then ran a repeated-measures linear mixed-effect model for each marker ( Figure S2 ). We found that inheritance of a P. polionotus allele on linkage group 2 was significantly associated with variation in burrowing behavior at both juvenile and adult stages (Figure 4A ; linear mixed-effect model, p = 0.02, post hoc Benjamini-Hochberg correction with 10% false discovery rate [FDR] ). BC juveniles inheriting a single P. polionotus allele at this marker were 25.5% more likely to dig burrows precociously than those homozygous for the P. maniculatus allele ( Figure 4B ; mean precociousness score, MM = 0.392 ± 0.088 SEM, n = 30; PM = 0.647 ± 0.089 SEM, n = 29; Fisher's exact test, p = 0.044). Hybrids carrying a P. polionotus allele also dug longer excavations as juveniles ( Figure 4C ; MM = 8.73 cm ± 1.05 SEM, n = 30; PM = 12.75 cm ± 1.07 SEM, n = 29; linear mixed-effect model, p = 0.0107) and as adults ( Figure 4D ; MM = 22.15 cm ± 1.78 SEM, n = 30; PM = 28.05 cm ± 1.83 SEM, n = 28; linear (E) Excavation length at juvenile and adult time points. Shading indicates whether each individual was a precocious burrower (i.e., at least one complete burrow dug at P21 or P24) or delayed burrower (i.e., no burrows dug at P21 or P24). Trait means for each group are shown at both time points, with error bars indicating ±1 SEM. Data were analyzed using a linear mixed-effect model with repeated measures. (F) Average adult excavation length of BC hybrids that, as juvenile burrowers, were either delayed or precocious. Black lines indicate the means for each group. Significance levels are indicated as follows: ns (not significant), p R 0.05; *p % 0.05; **p % 0.01; ***p % 0.001. mixed-effect model, p = 0.0303). Moreover, genotype at this marker explains variance in each behavior: precociousness score (6.4% phenotypic variance explained [PVE]), juvenile excavation length (10.9% PVE), and adult excavation length (8.2% PVE) [6] ; the remaining unexplained variance in each trait could arise from environmental factors, additional genetic loci, or both. For each of the other markers examined, no significant relationships between genotype and phenotype were detected ( Figure S2 ; p > 0.05), possibly due, in part, to the limited number of BC hybrids examined. Together, these data suggest that a gene, or linked genes, on linkage group 2 affects variation in burrowing behavior at different life stages.
DISCUSSION
Huxley likes to speak of 'the three major problems of biology': that of causation, that of survival value and that of evolution-to which I should like to add a fourth, that of ontogeny.
-Nikolaas Tinbergen (On Aims and Methods of Ethology)
Striking behavioral differences between closely related species can be a powerful resource for understanding the evolution of behavior and its mechanistic underpinnings-both major goals of biology. Behaviors are among the most complex phenotypes, and successfully teasing apart how species-specific differences evolve requires an integrative approach, as championed by Tinbergen [1] . More specifically, Tinbergen's 1963 landmark paper advocates for the addition of ontogeny to Huxley's existing framework for behavioral research [7] .
Ontogeny, the study of how behavior changes across the life of an individual, can provide understanding that is not discernible using other approaches; for example, it can uncover unexpected ancestral state reconstructions and generate novel hypotheses (e.g., [8] [9] [10] [11] ) or expose underlying proximate mechanisms driving changes in behavior (e.g., [12] [13] [14] [15] ). In short, ontogeny informs and edifies each of Tinbergen's four questions and can provide novel insights into how behavior evolves.
Here, we focused on the ontogeny of burrow construction, an ecologically important behavior that varies dramatically between closely related species of North American Peromyscus rodents. Most species in this genus build small (<20 cm), simple burrows as adults, but one species, P. polionotus, has recently evolved a stereotyped burrowing behavior that results in a considerably longer burrow (>100 cm in the wild) consisting of an elongated entrance tunnel, a nest chamber, and a secondary tunnel that extends upward from the nest toward the soil surface. This second tunnel does not penetrate the soil surface except during emergency evacuation and thus is often referred to as an escape tunnel [2] [3] [4] [16] [17] [18] [19] (Figure 1A ). The burrows of P. polionotus have inspired studies of phylogenetic history [3] , genetic mechanisms of behavior [2, 4] , and speculations of adaptive functionnamely, that P. polionotus burrows may provide refuge from the elevated rates of predation that occur in open, exposed habitats (e.g., [20, 21] ). However, the ontogeny of the behavior-the last of Tinbergen's four questions-remained unexamined until now.
We report on how the final product of digging behavior-the extended phenotype [22] , or burrow-originates and progresses during the post-natal development of two sister species of Peromyscus with dramatically different adult burrow architectures. We first find that P. polionotus are precocious with respect to burrow construction, building their first burrows 10 days earlier in development than P. maniculatus. This is surprising given that P. maniculatus is larger, tends to reach developmental milestones earlier, and outperforms age-matched P. polionotus in a wheel-running assay. These results suggest that P. polionotus has evolved a life history change-a precocious expression of behavior-that is most likely specific to burrow construction.
We also examined the shape of burrows produced by juvenile Peromyscus mice. We found that each species' characteristic Figure S2 and Table S2. burrow architecture is intact in juveniles. This result suggests that in pure species, the neurobiological control of each component of the complete burrow architecture (frequency of burrow construction, entrance tunnel, and escape tunnel) is expressed together throughout life. This result is especially surprising in light of previous work showing that the genetic control of adult burrow construction in P. polionotus is modular [4] . Although the shape of juvenile burrows is similar to that of adult burrows, they are smaller in overall size, most likely due to the energetic cost of burrowing. Using a cross-fostering experiment, we next tested whether these juvenile burrowing traits were primarily learned postnatally or were driven by interspecific genetic differences. It is important to note, however, that our experiments cannot rule out prenatal maternal effects (e.g., [23] ). We found that cross-fostering results do not differ if single or multiple pups are transferred to heterospecific parents, suggesting that there is no measurable effect of sibling's genotype on juvenile behavior. We report that all aspects of species-specific burrowing behavior are preserved in cross-fostered individuals of both species, demonstrating that juvenile expression of burrowing behavior most likely has a strong genetic basis.
Finally, we examined the genetic underpinnings of behavioral ontogeny in hybrids of P. polionotus and P. maniculatus using a genetic cross. We found that a developmental trait (precocious onset of burrowing) and an adult trait (long tunnels characteristic of adult P. polionotus burrows) are genetically dominant and coinherited, both at the level of phenotypic co-variation and with respect to a specific genetic marker. This is a surprising result, as behavior need not be correlated across life stages; indeed, many behaviors are expressed at only one stage. Although a well-powered genetic mapping study of burrowing development would be necessary to fully describe the genetic architecture of precocious burrowing, our data point to a shared-most likely pleiotropic-genetic influence on burrowing behavior that acts across juvenile and adult life stages.
These results have implications for the evolution of burrowing behavior. First, pleiotropy (or linkage of multiple causal mutations) can facilitate or inhibit evolution. On one hand, pleiotropy can produce effects that are not directly selected for (and potentially even harmful), but that are nevertheless secondarily ''dragged along'' by evolution [24, 25] . On the other hand, because changes in several traits are often involved during adaptation to a new environment [26] [27] [28] , co-inheritance of groups of phenotypes (e.g., by pleiotropy or linkage) can expedite adaptation [29] [30] [31] . Indeed, a common experimental outcome is to map multiple traits to a shared genomic region [32] [33] [34] [35] [36] [37] , and this genetic architecture can affect how evolution proceeds.
Related, these findings make it difficult to identify the precise phenotypic targets of selection, if any. Although variation in adult burrows can affect fitness [21, 38] , juvenile burrowing behavior may also be a target of selection. For example, natural selection for earlier burrowing in P. polionotus may reflect (1) its open habitat [16] , which may expose young mice to predation and thus increase the survival value of burrowing, or (2) a form of ''play'' during a critical period of motor development [39] [40] [41] . Our results, which implicate a broadly acting pleiotropic genetic mechanism, highlight the challenge in identifying which specific trait or traits have been selected-in this case, precocious juvenile burrowing, long adult burrows, or both.
All animals integrate signals of their internal state with environmental cues to make behavioral choices that affect their survival and reproduction. These choices are made in an ecological context that often differs between species, which may-through a process of evolution by natural selection-produce heritable differences between species in the tuning of innate internal states and behavioral drives. We hypothesize that tuning of behavioral drives (over evolutionary time) provides a parsimonious explanation for the shared genetic control of developmental timing and expression of adult behavior in Peromyscus burrow construction (although other neural mechanisms are possible). More specifically, species-specific genetic differences may produce heritable internal states that persist in individuals across life stages, leading P. polionotus mice to engage in burrowing behavior earlier in life and also more frequently as adults than P. maniculatus, whose innate drives are tuned differently. Divergent neural tuning has often been linked to variation in neuromodulators or their receptors, rather than to variation in the underlying circuitry (e.g., [42] [43] [44] [45] ). Our results raise the possibility that neuromodulators (and behavioral drives) may be involved in the evolution of burrowing in Peromyscus rodents, consistent with the accumulating evidence that neuromodulatory systems are a frequent substrate for behavioral diversity and evolution [46] .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal husbandry
We conducted experiments using captive Peromyscus strains mice kept under controlled laboratory conditions. All mice were housed in ventilated cages at 22 C on a 16:8 h light:dark cycle and provided food and water ad libitum. Breeding pairs and their litters were fed irradiated PicoLab Mouse Diet 20 5058 (LabDiet, St. Louis, MO) and virgin mice were fed irradiated LabDiet Prolab Isopro RMH 3000 5P75 after weaning. Animals were provided with cotton nesting material, corn cob bedding, and 3-sided red polycarbonate shelters. Juveniles were weaned at P24 into cages with at most four other animals (of the same sex and strain, unless otherwise noted). For all experiments, we used only offspring of experienced parents (R1 previous litter weaned). All procedures were approved by the Harvard University Institutional Animal Care and Use Committee (Protocol ID 27-09-1).
Peromyscus maniculatus
Peromyscus maniculatus bairdii (BW stock) were originally acquired from the Peromyscus Genetic Stock Center (University of South Carolina, Columbia SC, USA); this outbred line was derived from wild-caught ancestors in 1948 and has been laboratory-housed since capture. We formed eight breeding pairs using unrelated adults and checked daily for the presence of new pups. We tested 39 juveniles (20 females, 19 males) and 17 adults (8 females, 9 males). See Figure S1 for measurements of body mass for this species across development.
Peromyscus polionotus
Peromyscus polionotus subgriseus (PO stock) were acquired from the Peromyscus Genetic Stock Center; this outbred line was derived from wild-caught ancestors in 1952. We formed nine breeding pairs using unrelated adults and checked daily for the presence of new pups. We tested 58 juveniles (24 females, 34 males) and 9 adults (3 females, 6 males). See Figure S1 for measurements of body mass for this species across development.
Cross-fostered mice Age-matched (%48 hr age difference) P. maniculatus (n = 18; 8 females, 10 males) and P. polionotus (n = 16; 5 females, 11 males) pups were traded between experienced (R1 previous litter) heterospecific breeding pairs 24-48 hr after birth. To test for effects of parents versus siblings on the behavior of the test animal(s), we used two fostering paradigms: pups were fostered as either individuals (one pup traded between litters, such that the fostered pup had heterospecific siblings and heterospecific parents) or as litters REAGENT (entire litters traded between breeding pairs, such that pups had heterospecific foster parents but conspecific siblings). Because burrowing performance of both singly and group cross-fostered animals did not differ (ANCOVA; P. polionotus: age p = 0.010, foster treatment p = 0.880, age x treatment interaction p = 0.677; P. maniculatus: age p = 0.006, foster treatment p = 0.807, treatment x age interaction p = 0.853), we grouped these data together for subsequent analyses comparing fostered and non-fostered animals. Following weaning, juveniles were housed with mixed-sex siblings (biological or foster) until completion of behavioral trials. We measured the burrowing behavior of each resultant juvenile at a single time point (during P19-P31).
P. polionotus x P. maniculatus F 1 Hybrids We produced F 1 hybrids by crossing P. maniculatus dams to P. polionotus sires. Due to genomic imprinting in these species, our cross design for production of F 1 hybrids was limited to one direction [47, 48] . Thus, this cross design excludes any P. polionotus maternal effects acting in favor of P. polionotus-like burrowing behavior. We formed two breeding pairs using unrelated adults and checked daily for the presence of new pups. Eleven F 1 hybrids were tested (5 females, 6 males). Weanlings were subsequently housed with their mixed-sex littermates until completion of experiments.
